A recent paper by Paerl et al. ' Ecosystem responses to internal and watershed organic matter loading: consequences for hypoxia in the eutrophying Neuse River Estuary, North Carolina, USA ' (1998; Mar Ecol Prog Ser 166:17-25) makes the statement that increased nitrogen loading to the Neuse River Estuary has led to algal blooms which produced organic matter loads capable of causing extensive hypoxic and anoxic conditions that, in turn, have induced widespread mortality of resident fin-and shellfish (p l?). In this Comment we demonstrate that Paerl et al.'s central conclusion about finfish kills is not supported either by their data or by any statistical analysis, despite invoking predictability ('Results and discussion ', p 20-24, Paerl et al. 1998) . The paper contains numerous misinterpretations and misuse of literature citations. Paerl et al. also made serious errors of omission, germane from the perspective of science ethics, in failing to cite peerreviewed, published information that attributed other causality to various fish kills that they described.
When attempting to make the difficult step from correlation to implication of causality in a field setting, the available evidence for multiple causative factors should be considered-especially when dealing with a topic that has significant implications for policy makers, scientists, and the general public. Accordingly, formal correction of the Paerl et al. paper is necessary because of the authors' (1) lack of depth profiles of dissolved oxygen (DO) data to support any of their conclusions about kills of surface-schooling fish, (2) use of unrecorded or nonexistent fish kill data, as well as misconveyance of fish kills as reported in the State database upon which they relied, (3) apparent lack of understanding about the behavior of resident fish population~, (4) misuse of literature citations, (5) omission of a large body of peer-reviewed, published information on the same fish kills (1995) (1996) , and (6) lack of any supporting statistical analyses to demonstrate relationships among field dissolved oxygen, nutrient, and fish kill data.
Lack of supporting dissolved oxygenlfish kill data and literature. The only DO data that Paerl et al. presented We report weekly data from 6 stations in the mainstem, mesohaline Neuse (Flanners Beach/Kennel Beach to MinnesottKherry Point), as well as data from freshwater segments following a major storm in late summer 1996. These data show that in summers of averageprecipitation years without hurricanes, hypoxic waters in the Neuse Estuary generally were constrained to the bottom third of the water column (Figs. 2 to 4 of this paper; hypoxia considered as in Paerl et al. (Manooch 1988 , Migdalski & Fichter 1989 , Vaughn 1991 , Hettler & Barker 1993 , and their abundance has been directly correlated with phytoplankton densities in the field (Friedland et al. 1989 ). For Paerl et al.'s contention to hold, these menhaden would have had to leave the welloxygenated, plankton-rich upper two-thirds of the water column, descend to the lower third of the water column, and remain there in an oxygen-poor environment until they died or became seriously impaired. Previous studies indicate that finfish and shrimp avoid areas where DO is less than 2 mg 1-' if more oxygen-replete habitat is available (e.g. Renaud 1986 , Pihl et al. 1991 , Breitburg 1994 . Nine of the ten 1995 Neuse fish kills listed by NC DWQ occurred in open estuarine waters rather than enclosed creeks and covered an average segment length of 9 river km where oxygen was plentiful in the upper water column except from mid-to late July (Fig. 3) . Thus, in most of these kills, inability to avoid oxygen-poor bottom water would not have been a problem. Even so, we note that a fish kill in the mainstem Neuse Estuary which was recorded by the State and by our laboratory during the period from mid-to late July 1995 was attributed to low oxygen as a likely causative factor (first fish kill of 1995 reported for the Neuse, with hypoxia/anoxia in half to two-thirds of the water column; Burkholder August 1994 and 1996 was comparable to that in July-August 1995 (when some fish kills occurred), yet no fish kills were the Neuse Estuary. During 1994, hypoxia and anoxia recorded in the hypoxic/anoxic areas by NC DWQ in (<4 mg DO 1-' and negligible DO I-', respectively; NC 1994 (exception: the 12 July kill, which the State DENR DWQ) affected more than a third of the water record did not attribute to low DO) or pre-Hurricane column on some dates, actually extending through ca Fran in 1996. Nor did Paerl et al. note any major fish half of the water column during mid-July, early and kills prior to Hurricane Fran. An intrusion that drives late August, and late September (Fig. 2 ), yet there anoxic waters to the shallows along a stretch of shorewere no fish kills except for the small event of line may cause benthic fish kills in some aquatic 'unknown cause' that was recorded in the State record ecosystems (Breitburg 1992 ), but Paerl et al. showed no on 12 July. data tracking low-DO water from the bottom depths to The NC DWQ fish kill database indicated that fish demonstrate that any of the Neuse Estuary kills of surkills in the Neuse Estuary during summer and fall 1995 face-schooling menhaden were caused, or influenced, were wholly or largely comprised of Atlantic menby such a phenomenon. During intensive monitoring, 
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In contrast with 1994-1995, during late summer 1996 category 3 Hurricane Fran caused loading of millions of liters of raw sewage, swine industry wastes, and swamp waters into the Neuse and other major river systems in the North Carolina (NC DEHNR 1996b, Mallin et al. 1999) . Total water-column anoxia/hypoxia in freshwater segments of the Neuse (Figs. 1 & 5) coincided with major fish kills-a completely different situation than in the previous 2 yr. During 1996, the linkage between (complete) water-column anoxia/hypoxia and fish kills was clear (Bales et al. 1996 , Anonymous 1997 Fig. 5 ). The oligohaline estuary generally extends downstream from New Bern (e.g. Paerl et al. 1995, NC DWQ records) . Following Hurricane Fran, salt-waters were pushed much farther downstream than usual (NC DWQ database; also summary reports to NC DWQ from laboratory of J.M.B. & H.B.G.). Shortly after the hurricane in the normally oligohaline area of the Neuse near New Bern, during field sampling efforts, we observed well over a million dead fish floating or entangled in shoreline vegetation Bern-that is, no fish kills that actually occurred in the any of the kills that we have attributed to factors other estuary. The NC State database contained 2 major fish than hypoxia . Lacking kills (not 4, as listed by Paerl et al.) on the Neuse River evidence for such intrusion events, during the Septemfollowing the September 1996 hurricane. One of the ber-October 1995 fish kill, finfish likely encountered kills ranged from Streets Ferry down to New Bern, and reduction of usable habitat from bottom-water hypoxia the second occurred even farther upstream, from (e.g. Pihl et al. 1991 , Diaz et al. 1992 ). But there is no Goldsboro down to Kinston. Thus, both of the fish kills evidence from Paerl et al. or Environmental Protection] which has been tested in Instead, they cited Winn & Knott (1992), which was a bioassays as incapable of causing disease or death in study of how hypoxia affected caged amphipods and fish). The 2 toxic species known thus far comprise the clams (northern quahog Mercenaria n~ercenaria toxic Pfiestena complex (TPC). TPC species exhibit Linne). That paper's conclusion noted severe impacts strong chemosensory attraction to live fish and their of hypoxia on amphipods, but also demonstrated fresh tissues , Glasgow et strong resistance to hypoxia in the clams. Paerl et al. al. 1998) . Multiple laboratories have cross-corroboadditionally cited Van Dolah & Anderson (1991) , who rated that, like certain other toxic dinoflagellates provided a detailed description of hypoxia throughout (Burkholder 1998) , Pfiesteria can cause fish death and the water column in rivers near Charleston Harbor folfish disease (Burkholder et al. 1992 , Noga et al. 1996 . but no fish kill or hypoxia tolerance data are contained Causality of fish death by microbial pathogens or in it-there is only a l-sentence mention, in the introother factors can be inferred, but generally cannot be duction, of public anecdotes of fish kills following the proven conclusively in a field setting. In our publicahurricane.
tions, we additionally have attempted to honor, where Lack of statistical evidence. Paerl et al. stated that possible, common implication of low DO in NC DWQ's 'Close scrutiny of the spatial and temporal relationfish kill summaries. This was done despite having been ships between hydrology and nutrient (specifically, N) informed by NC DWQ field personnel that these kills and OM [organic matter] loading in the Neuse River frequently were sampled after fish had been dead for basin over a 3 yr period (1994) (1995) (1996) reveals a complex hours to days, and that, on some occasions when fish but predictable interplay of the timing, magnitude, and death was attributed to low oxygen, DO meters were delivery of inorganic and organic nutrients, translation not available so that actual DO data were not taken. into primary production, O2 consumption, hypoxia/ Within the affected sites (sometimes large expanses anoxia, and resultant fish and shellfish mortality' covering 10 to 40 km2), we have excluded the TPC (p 24). However, Paerl et al. failed to provide any stafrom consideration as the primary causative agent if more than the lower third of the water column was anoxic/hypoxic over widespread areas , even though much of the upper water column would have been available to provide oxygenreplete habitat. Thus, we have biased our conclusions in favor of, rather than against, low DO as the primary factor. We additionally have ruled out the TPC if other causative factor(s) can be discerned . Fish kills related to the TPC occurred in both 1995 and 1996 (data not available for 1994 because a biohazard I11 facility was not available to verify toxicity; laboratory records at the Department of Environmental Health Safety of North Carolina State University). We documented one fish kill linked to the TPC in 1996 prior to Hurricane Fran ). The kill involved ca 4000 surface-schooling Atlantic menhaden that died with open blccding lesions over 2 to 3 d, depending upon the location. Hypoxia affected only the lower 0.5 m of the 3.5 m water column in the area where the kill occurred, and there was no evidence of an inversion of low-oxygen water to the surface. This kill, also documented by volunteer citizen sampling and photographs, was not sampled by NC DWQ; it was described in the published literature ), but was not mentioned by Paerl et al.
More troubling relative to omissions in the Paerl et al. paper is the existence of peer-reviewed, published information on the most massive estuarine fish kill of all 3 years. In that kill, most fish died from 20 September through 25 October 1995. Because of funding limitations, sampling by NC DEHNR personnel generally was limited to 2 dates during the kill, and they did not attempt to extrapolate their data across sampling intervals to estimate dying fish that were missed in their observations. Thus, their estimate of more than 2 million dead Atlantic menhaden was considerably lower than our estimate of ca 15 million fish, which was based on sampling at 3 to 4 d intervals during most of the 5 wk period in which fish were dying. We also monitored dissolved oxygen and quantified the abundance of Pfiesteria piscicida zoospores. As indicated, about 90% of the fish affected were Atlantic menhaden, with dead spot Leiostomus xanthuris Lacepede, Atlantic croaker Micropogonias undulatus L., and American eel Anguilla rostrata Lesueur also observed. Periodic intense storm events over the previous spring-early summer had led to unusually low surface salinities; in fact, much of the estuary was at a 4-year low for that season , delaying the up-estuary migration of juvenile menhaden from the sound. For 1 wk in late June, many areas of the estuary were affected by hypoxia in the lower half of the water column. Storm events with high wind alleviated the hypoxia; for 2 wk in early July, there was no hypoxia or hypoxia only in the lower third of the water column. During a 2 wk period in mid-July through early August, many areas of the estuary were affected by hypoxia/anoxia in about half to two-thirds of the water column. This oxygen deficit was linked to an Atlantic menhaden kill . Additional schools of juvenile Atlantic menhaden moved up-estuary from the sound after storms and cooler temperatures alleviated the oxygen sags. There was no, or only bottom-water, hypoxia/anoxia from the second week of August through September in most of the large-expanse kill area (40 km2; Burkholder et al. 1996 , NC DWQ state records).
About 2 wk prior to the kill, a small percentage of the Atlantic menhaden in the affected area manifested open, bleeding lesions. Such chronic lesions have been associated with opportunistic fungi (Noga 1993) ; more recently, they have been correlated with oiher potential causative agents such as an invasive fungus (Aphanomyces cf. invadens; Lilley et al. 1997 , Blazer et al. 1998 . Lesions with similar appearance also can be caused by certain toxic chemicals (Noga 1993) . Moreover, the toxins of Pfiesteria. piscicida (as well as the second toxic Pfiesteria-like species) have been demonstrated to destroy fish epidermis, cause and contribute to lesions, and depress the fish immune system (Noga et al. 1996 . Thus, toxin(s) from the TPC can compromise epidermal tissues rendering them susceptible to fungal attack. There is evidence in support of a role of the TPC as causative agents of chronic lesions in menhaden under field conditions, considering the chronology of events. Fish that are exposed to sublethal levels of TPC species' toxins become narcotized and lethargic; they show poor fright response, disorientation, and loss of balance and, thus, would be expected to remain in the general area . In a pattern typical of Pfiesteria-related menhaden kills, the incidence of lesions increased from 5-7 Oh across the tested area 2 wk before the late summer 1995 kill to 15-19 % 1 wk later. Within 2 d after the kill began, toxic Pfiesteria piscicida zoospores were at ca 1200 cells ml-' in the epicenter of the kill zone (later verified using a molecular probe for this species which was developed by Dr. P. Rublee, University of North Carolina, Greensboro, with our laboratory). The percentage of fish with large open lesions (up to 1 to 2 cm in diameter; average fish length 25 + 7 cm) had sharply increased to nearly 80%. At 4 d into the kill, while a toxic population of P. piscicida remained active (verified by bioassays with test fish), nearly 95% of the menhaden had such lesions.
When the late summer 1995 kill began, we sampled dying/dead fish with bleeding lesions in the oxygen-replete upper third of the water column (at dawn; state-certified laboratory, Burkholder et al. 1996) . We further documented that the water column throughout the entire area had 5 mg DO I-' or more, or hypoxia only in the lower third of the water colun~n. Over this large expanse of area, the stench of rotting fish prompted a groundswell of public outcry as local citizens demanded that state officials address the problem (illustrated by news articles such as Brodeur 1995). On 4 October, fully 2 wk after the fish kill began and with ca 7 million rotting dead fish in the water or along the shores (observed directly by J.M.B. & H.B.G., who assisted in the counts), hypoxia affected about half of the water column in 2 of 6 sites monitored, and a third site had low oxygen throughout the water column. The remaining 3 sites, where many of the fish died with bleeding lesions, had no hypoxia or hypoxia only in the lower third of the water column .
During the massive Pfiesteria-related fish kill in 1995, P. piscicida (400 to 2000 toxic zoospores ml-'; verified using our nlolecular probe) was at potentially lethal densities . Since pesticides and other factors also can cause lesions and kill fish (although such factors were not known to have been involved in the death of the surface-schooling Atlantic menhaden), we were careful to verify insofar as possible that active, toxic populations of P. piscicida were present. Toxicity of this dinoflagellate was confirmed through experimental bioassays of field samples with test fish, in this major fish kill as well as in other kills where it was implicated ; note that such bioassays with Pfiesteria also have been published by Noga et al. 1993 and Lewitus et al. 1995) . Species identification was confirmed from scanning electron microscopy of suture-swollen cells (procedure modified from Truby 1997), after obtaining sufficient cells from the fish bioassays for this technique.
The first author of the Paerl et al. paper was in attendance at several videotaped scientific forums in which, as well as in the peer-reviewed published literature, it was demonstrated that 95 % of these fish died with the previously mentioned bleeding lesions while Pfiesteria zoospores (see below) were swarming in the oxygenrich surface waters , Burkholder 1998 ; also verified by A. Hodge, NC DWQ, Washington, NC). TPC species are similar to certain other harmful algae and dinoflagellates in their ability to produce toxins that can cause fish death ; corroborated by Noga et al. 1993 , Lewitus et al. 1995 ; and, like other of these harmful species, the toxins of TPC species have not yet been well-characterized (Burkholder 1998) . Toxins that have been isolated and semi-purified from P, piscicida have been tested as highly lethal to finfish (Fairey et al. 1998) . The fact that potent ichthyotoxin from P. piscicida had been verified also was conveyed in 2 science presentations at a public forum (National Institutes of Environment Health Sciences, Research Triangle Park, NC, August 1997), with the first author of the Paerl et al. paper in attendance.
It is critical that major factors which historically have been implicated as causative agents of fish mortality in the Neuse Estuary be considered when attempting to make predictive statements. The first and second authors of the Paerl et al. paper were aware of the large body of peer-reviewed publications on Pfiesteria and some of the same kills of surface-schooling menhaden that they attributed solely to bottom-water low DO. Our previous publications point out that factors other than Pfiesteria likely were the primary cause of some kills. For example, while certain fish kills were attributed to Pfiesteria, the 1996 post-Hurricane Fran kills in freshwater segments, from which fish were transported to the oligohaline estuary, were related to hypoxia/anoxia throughout the water column (Burkholder & Glasgow 1997). We further note that the freshwater post-Fran kills occurred where the entire water column was anoxic (Fig. 5) . As previously stated, there were no estuarine fish kills listed in the NC DWQ database. Nor did we document fish kills in the mesohaline estuary during extensive post-Hurricane sampling. All fish kills that we linked to the TPC during 1995 and 1996 were supported by both field sampling and verifi-cation of active toxic populations of this dinoflagellate from experimental fish bioassays with field water samples.
Paerl et al. indicated that low DO was the causative factor for all of the 1995 fish kills that they described. In so doing, they also failed to mention the following widely disseminated information which is pertinent to the late summer 1995 fish kills. On 13 October 1995, during what became a highly publicized event, the director of the North Carolina Division of Marine Fisheries (NC DMF) ordered a ca 40 km2 segment of the Neuse Estuary closed to all fishing activity, specifically because a toxic Pfiesteria outbreak had been verified and was linked to the massive kill in which millions of fish died with open, bleeding lesions (NC DMF 1995 , Diaby 1996 . The toxic outbreak, and negative publicity stemming from it, led to its formal recognition as a threat to the economy of the commercial fishing industry in unaffected North Carolina estuaries (Diaby 1996) .
Data are also available in support of this dinoflagellate as a causative agent of major fish kills in other waters. During 1997, kills of ca 3 X 104 Atlantic menhaden in Chesapeake Bay tributaries led to increased national recognition of the TPC's role in both fish kills and human health impacts (Maryland Department of Health & Mental Hygiene 1997 , Burkholder 1998 , Grattan et al. 1998 . The widely publicized kills were covered in North Carolina, and in nat~onal and international news media. The kills were linked to active, toxic populations of Pfiestena piscicida (with toxic activity confirmed in experimental bioassays with fish). The associated environmental conditions were similar to those in the mesohaline Neuse (i.e. calm, shallow, nutrient-enriched brackish waters with abundant phytoplankton); and the kills clearly were unrelated to low DO (Tidewater Ecosystem Assessment Division 1998). Moreover, serious impacts of toxic Pfiestena on mam-malian as well as fish health have been documented, in both laboratory and field settings , Levin et al. 1997 , Maryland Department of Health & Mental Hygiene 1997 , Grattan ct a!. 1998 ).
Yet, despite all of this evidence in support of the TPC as major causative agents of fish kills In the Neuse, in other waters of North Carolina, and in waters of other states, Paerl et al. failed to mention the existence of these organisms. Moreover, they failed to point out that the fish kills that they claimed to have been 'caused' by bottom-water hypoxia/anoxia involved surface-schooling fish that died with bleeding lesions-or that certaln of these kills previously had been linked to toxic Pfiesteria/Pfiesteria-like dinoflagellates with supporting fish bioassays, as described in multiple peer-reviewed publications of which Paerl et al. were aware.
Implications. The hypothesis 'Nutrient loading can lead to phytoplankton blooms, oxygen sags, and fish kills' has strong support in previously published research (e.g. Baden et al. 1990 , Vitusek et al. 1997 . We regard hypoxia/anoxia as an important factor in estuarine fish health (Pihl et al. 1991) , fish survival from predation (Breitburg et al. 1997) , and fish kills (Breitburg 1992 ) under some circumstances. Excessive nutrient loading to estuaries (e.g. Jaworski 1981 , Howarth et al. 1991 , Magnien et al. 1992 ) has been strongly correlated with development of nuisance or noxious phytoplankton blooms (Smayda 1989 , Gallegos et al. 1992 , Dennison et al. 1993 , Mallin et al. 1993 , and respiration of such blooms at night can significantly depress oxygen, leading to fish kills (reviewed in Paerl 1988 , Diaz et al. 1992 .
But even the best of hypotheses should not be invoked as fact in published work without supporting data. Water quality degradation has occurred from cultural eutrophication in many estuaries, and it is a fact that fish can die from low-oxygen stress. It is also a fact that the dinoflagellate Pfiestena piscicida and close relatives in the TPC, like various other dinoflagellate species, can promote fish disease and death (Burkholder et al. 1992 , Noga et al. 1993 , 1996 , Lewitus et al. 1995 . Although either variable alone-hypoxia/anoxia or the TPChas been demonstrated to cause fish death, it is reasonable to expect that at sublethal/chronic levels, these as well as other stressors would interact to impair fish health , Blazer et al. 1998 and that their roles as primary versus secondary factors could interchange depending upon the specific conditions. Such interactions between low-oxygen stress and the TPC in impairing fish health, as well as interactions among these factors, other adverse environmental conditions, and other toxins and microbial pathogens, merit examination. But dissolved oxygen alone is not an overall 'integrator' of the factors that can effect fish kills and epizootics in estuaries. Nor is it a sufficient index of eutrophication impacts on fish, since various fish pathogens which are not known to be linked to DO deficits thrive in eutrophic estuaries (Noga 1993 .
We recommend caution in attempts to determine the primary causative factor(s) of estuarine fish kills. Causality would be expected to depend, in part, on the behavior of the species involved. For benthic-dwelling finfish and shellfish, accumulation of toxic substances such as pesticides or heavy metals (Hackney et al. 1998) , or burial from a sudden major disturbance, could be lethal. For surface-schooling fish, ichthyotoxic Pfiestena/Pfiesteria-like species may be suspected based on the presence of potentially lethal levels of zoospores (2 250 ml-l) in areas where fish are distressed or dying, especially in poorly flushed brackish areas during warm seasons where large numbers of Atlantic menhaden are lethargic with open, bleeding lesions . However, the presence of appropriate cell densities a1on.e is not enough to invoke causality because TPC dinoflagellates can exist as nontoxic stages and stra~ns. TPC species should be implicated as the primary causative agent(s), in the absence of other known lethal factors within the kill zone, only after an active, toxic population is confirmed in water samples from the in-progress kill. Until an assay is available for rapid toxin detection in field water samples, bioassays with test fish should be used as supporting experimental evidence .
Hypoxia/anoxia should be invoked with caution in fish kills, on the basis of supporting data that demonstrate low oxygen conditions prior to (if possible) as well as during the period when-and where-fish are dying. Bottom-water hypoxia would be expected to be lethal to benthic finfish and shellfish, especially sessile forms that could not move to refuge areas with adequate oxygen. To interpret the importance of low oxygen in the upper water column to surface-schooling fish, the presence, versus absence, of adjacent oxygenreplete refuge areas should be documented. The practice of invoking low dissolved oxygen as a 'best guess' when an area is examined after decomposing fish have been dead for hours to days in warm waters, or when an area some distance (e.g. several kilometers) from the kill zone has low oxygen but the area where fish are dead/dying does not, should be avoided. Use of DO measurements from fixed-station buoys can be helpful, with the following caveats: (1) the buoys should be within the kill zone, (2) inversions of hypoxic bottom water to the surface should be documented in the area where fish were affected, and (3) DO probes should be calibrated with sufficient frequency to prevent spurious (erroneously low) data due to fouling of probe membranes with fine sediments and microbial overgrowth. This problem would need to be considered especially during warm seasons in turbid, highly productive estuaries such as the Albemarle-Pamlico.
Overall, strengthened strategies to improve management of coastal fisheries in response to fish kills and epizootics will only occur through the contribution of strong scientific field data backed by experimental testing; conclusions that do not prematurely invoke prediction or otherwise extend beyond the data; and balanced interpretations formed after careful review of the available literature and earnest attempts to consider alternatives. This approach also will help to foster greater appreciation, in management decisions to protect fish health, for the multiple stresses that must be confronted by estuarine fish populations.
